Objective: In navigated orthopedic surgery, accurate registration of bones is of major interest. Usually, this registration is performed using landmarks positioned directly on the bone surface. These landmarks must be exposed during surgery. Our goal is to avoid the exposure of bone surface for the sole purpose of registration by using an intraoperative ultrasound device that can localize the bone through tissue.
INTRODUCTION
An important prerequisite of minimally invasive computer-assisted surgery is the precise registration of preoperative datasets (mostly CT or MRI) within the coordinate system of the navigation system. In the case of orthopedic surgery, the main interest lies in accurate registration of bones.
Registration Methods
For the registration of two coordinate systems, identical points in both systems must be associated.
Many different methods exist for the registration of preoperative images and the patient coordinate system during surgery. [1] [2] [3] The majority of these methods are based on landmarks, which can be anatomical landmarks or fiducial markers. The accuracy of these registration methods depends on the number of points and on the ability of these points to move with respect to the structure of interest (in this case, the bones). 4, 5 For a precise registration, a large number of anatomical landmarks on the bone sur-face must be used and consequently tagged in the CT dataset. Intraoperatively, all these points must be referenced with the pointing device of the navigation system. Alternatively, a few fiducial markers (usually screws) can be used. These are fixed to the bone preoperatively to ensure high precision for the registration.
These procedures are time consuming and increase invasiveness, because the fiducial markers are connected to the bone and anatomical landmarks are exposed during surgery. Furthermore, changes in the anatomy during the surgical procedure cannot be visualized.
To avoid these disadvantages, intraoperative imaging modalities are used. In this case, complete anatomical structures can be used for registration (mostly surfaces 6 ), thus increasing the accuracy. Intraoperative changes in the anatomy can also be taken into consideration. A few CT-or MRI-based systems have already been implemented, 7, 8 but these have major disadvantages with respect to cost, application difficulties, and radiation exposure (in CT-based systems). In view of these drawbacks, intraoperative ultrasound could be a solution, 9 -13 offering the advantages of fast, inexpensive, and easy data acquisition. Furthermore, in contrast to intraoperative CT or MRI systems, ultrasound machines occupy only a little space in the operating room.
Intraoperative Ultrasound
The concept of intraoperative ultrasound is shown in Figure 1 . As in conventional navigation procedures, preoperative datasets are acquired and used for planning and intraoperative visualization. Additionally, these datasets are preprocessed to accelerate the intraoperative registration. Because this preprocessing can be done prior to surgery, the algorithms are not time-critical.
During the surgical procedure, ultrasound data is acquired with a transducer that is tracked by the navigation system and has been calibrated to determine the coordinate system of the imaging plane. 14 -16 Then, the acquired images are combined into a 3D dataset that is used for registration. Because ultrasound can easily be applied intraoperatively, the registration can be repeated several times during the procedure to take into account movements of bones relative to each other. This is of particular interest in spinal procedures.
Bone Surface Imaging with Ultrasound
The major problem of intraoperative ultrasound is its low imaging quality; the acquired data is very noisy due to speckle. In addition, ultrasound images show only a small part of the bone surface, due to the reflection properties of an ultrasound beam at the tissue-bone interface. 17 The two main consequences of these reflection properties are shown in Figure 2 . Because there is a great difference in the acoustic impedances of tissue and bone, almost the entire ultrasound wave is reflected at the interface, so no imaging is possible beyond it (Fig. 2, left) . Furthermore, the reflection is almost completely specular. Because of this, interfaces that are not orthogonal to the direction of sound propagation deliver a weak image or no image at all (Fig. 2, right) . For these two reasons, only a small part of the bone surfaces can be visualized with ultrasound. This is illustrated in Figure 3 using the example of a lumbar vertebra. The direction of ultrasound propagation is expected to be from posterior to anterior. Structures accessible for ultrasound image acquisi- tion include the transverse processes, the lamina, the inferior articular facets, and the posterior edge of the spinous process. The vertebral body, the pedicles, and the superior articular facets are covered by elements of the vertebra in the posterior direction, and thus cannot be imaged. The left and right surfaces of the spinous process cannot be seen because of their disadvantageous orientation with respect to the ultrasound propagation.
A typical ultrasound image of a lumbar vertebra is shown in Figure 4 . A navigated surgery would be impossible based on this data alone, so preoperative data is also needed. In the following section, it is assumed that a 3D CT dataset has been acquired preoperatively.
METHODS
An algorithm for the registration of 3D CT and ultrasound datasets must take into account the problems and restrictions of ultrasound imaging. A segmentation of bone surfaces in the ultrasound dataset seems to be difficult to implement in a robust way, considering the quality of the images (see Fig. 4 ). Therefore, as a first step, we propose an estimation of the surface that is expected to be visible in the ultrasound images, based on the CT data.
Surface Estimation
As mentioned above, the visibility of bone surfaces depends on the direction of ultrasound propagation. Therefore, the surgeon should preoperatively indicate in the CT dataset the way in which he wants to move the transducer. An example of this, applied to the lumbar spine, is given in Figure 5 , where the skin is visualized as being semitransparent so that the underlying bones can be seen. The line marks the scanning path of the transducer. It is assumed that the imaging plane is approximately orthogonal to the skin surface and the scanning path, so a reasonable volume dataset can be recorded. With the knowledge of the scanning path and the transducer geometry, it is possible to estimate a bone surface in the CT dataset that would be visible in a corresponding ultrasound dataset.
The estimation procedure is illustrated in Figure 6 , again showing the example of the lumbar spine. First, the complete bone surface is determined by simple thresholding in the CT dataset ( Fig. 6, left) . Then, each element of the surface is tested for its visibility to the transducer, i.e., to see if there is any other surface element between it and the transducer. This visibility check takes into consideration the complete reflection of the ultrasound wave at the first tissue-bone interface. These parts of the surface can be seen in the middle image of Figure 6 . In the next step, the angles between the normal vectors of the visible surface elements and the direction of ultrasound propagation are calculated. If some of these angles exceed a defined threshold, it is assumed that the associated surface elements cannot be imaged because of the specular reflection of the ultrasound wave. Thus, the resulting surface (shown in Fig. 6 , right) takes into account both restrictions on bone surface visualization with ultrasound (see Figs. 2 
and 3).
The bone surface is the only anatomical structure that can be used for precise registration of a bone, because all other anatomical structures can move relative to it. Thus, the estimated surface should provide enough input information for the registration algorithm from the CT dataset.
Registration
As mentioned above, a robust segmentation of the ultrasound dataset would be very difficult and, for a whole 3D dataset, very time consuming. Therefore, the best way to achieve registration seems to be a surface-volume registration, which tries to find the correct position of the estimated surface in the ultrasound dataset.
First, a criterion must be defined that gives evidence of the correctness of the chosen position of the estimated surface in the ultrasound dataset. Because the tissue-bone interface is imaged as a bright curve with ultrasound because of the total reflection, a suitable local criterion is the average gray value of all voxels that are covered by the surface. This criterion has the advantage that the averaging of a large number of voxels eliminates the noisy character of the ultrasound data. Further- more, the complete surface is evaluated in the criterion, avoiding disturbing influences of other bright structures with different shapes. It is assumed that the average gray value is maximal at the correct position of the surface. This is generally true, due to the unique surface of the vertebra when seen from the posterior. The only ambiguity that may arise when just a small section of the spine is visualized is a translation along the spine axis of one vertebra due to the similarity of the adjacent vertebrae.
For an effective realization of a registration algorithm based on this average gray value, the surface should be described in such a way that the gray values of the corresponding locations in the ultrasound dataset can easily be determined. This is true for a surface that is represented only by the center coordinates of the surface elements. Thus, the surface consists of N points p ជ i ϭ (x i ,y i ,z i ), i ϭ 1. . . N. A simple and fast nearest-neighbor interpolation is used to determine the gray value of the corresponding locations in the ultrasound data. The average gray value g can then be written as follows:
where A (␣, ␤, ␥) is the rotation matrix, which depends on the three angles ␣, ␤, and ␥. q ៝ is the translation vector, and UV(p ៝) delivers the gray value at the location p ៝ in the ultrasound data with nearest-neighbor interpolation. The registration procedure can be formulated as an optimization problem: ␣, ␤, ␥, and q ៝ are the parameters that must be optimized to find the maximum of the average gray value g . The resulting values of the parameters describe how the CT dataset must be transformed to fit with the ultrasound dataset. The maximization can be performed with any of the classical optimization algorithms, such as gradient descent, the simplex rule, or the Levenberg-Marquart method. Due to the smoothness of the optimization function, a very simple local deepest-descent method is sufficient for small misalignments of the two datasets. The initialization can be based on the ultrasound scanning path indicated on the preoperative dataset.
EXPERIMENTS AND RESULTS
The described registration algorithm was implemented and evaluated using CT and ultrasound datasets acquired from an ex vivo preparation of a human lumbar spine with surrounding muscle tissue.
Data Acquisition
CT data was acquired using a spiral CT scanner.
The table speed was 6 mm/s, the slice thickness 3 mm, the reconstruction interval 2 mm, the gantry angle 0°, and the scanning direction craniocaudal. The field of view was set to 200 ϫ 200 mm 2 , resulting in an in-plane resolution of 0.39 ϫ 0.39 mm 2 . The whole lumbar spine was scanned in this way.
The 3D ultrasound data was acquired with a 3.5-MHz curved array. The transducer was moved mechanically in the craniocaudal direction with a transverse imaging plane (roughly equivalent to Fig. 5) . B-scans were acquired at a craniocaudal distance of 1 mm. With ultrasound imaging, the slice thickness and in-plane resolution are anisotropic and depth dependent. Again, the whole lumbar spine was recorded.
Both datasets were resampled to obtain an isotropic voxel resolution of 0.5 mm, and the resulting 3D volumes were used for the registration algorithm.
Result of Surface Estimation
The first step was the surface estimation based on the CT data. The estimated surface comprised 60,000 elements for the given data of the lumbar spine. An example of an estimated surface and the corresponding ultrasound image are shown in Figure 7 . The left image of Figure 7 shows a CT slice of a lumbar vertebra with the estimated surface plotted as a black curve. The estimation process delivers a result that matches the visibility prediction for the surface of a vertebra in Figure 3 . The middle image of Figure 7 shows the corresponding ultrasound slice. The tissue-bone interface produces a bright area, and the ultrasound image is dark beyond it. This is due to the total reflection, which inhibits the reception of echoes from deeper structures. Transfer of the estimated surface onto the ultrasound image (Fig. 7, right) shows that the estimation is a very good predictor of the bone surface as visualized with ultrasound.
This surface representation and the acquired ultrasound volume were the input for the registration algorithm. The optimization of the average gray value was initially realized by a deepest descent method.
Computation Time for Registration
The calculation time for the registration of the whole lumbar spine, assuming that the vertebrae could not move relative to each other, was 50 -100 s. For a single vertebra (approximately 7,000 surface elements), the registration took 5-15 s. The computation time depends on the positions of the two datasets before registration. This result was achieved on a 650-MHz processor. Computation time for the surface was excluded, as this can be done preoperatively. The program was realized in Matlab and C, and was not optimized for speed. An example of a registered surface is shown in Figure  8 . Based on visual inspection, the algorithm seems to perform correctly, because the match of the estimated surface and the ultrasound image is very good.
Influence of Surface Extraction Parameters
Because the ultrasound data is not preprocessed in this case, the registration result is only affected by the surface estimation. The two main parameters of the surface estimation are the threshold for the extraction of the bone surface in the CT dataset, and the assumed direction of ultrasound propagation. The impact of both these parameters was investigated.
To test the sensitivity of the algorithm with respect to the threshold, this parameter was varied between 100 and 400 Hounsfield units (HU). The registration with 200 HU was deemed to be a reference registration. 18 The maximal deviations of the registration results relative to the reference registration are listed in Table 1 . Again, the registration was tested with the complete datasets and with a single vertebra. The assumption that the case of the single vertebra would be more critical because of the smaller dimensions was only correct for the 400-HU threshold. Overall, a maximal rotational deviation of 0.625°and a maximal translational deviation of 0.5 mm (which is equal to the resolution) show that the algorithm is not very sensitive with respect to the chosen threshold.
The influence of the assumed direction of ultrasound propagation was checked by varying the angle of incidence within a range of 20 degrees around different axes. Most crucial is an alteration of the angle around the longitudinal axis, because the position of the transducer relative to the spinous process has a great impact on the visibility of the lamina in the ultrasound image. In Table 2 , the deviations of registration results from the reference registration are listed for different angle alterations. The reference registration is defined as a registration where the assumed direction of ultrasound propagation for the surface estimation was validated by the registration; i.e., the calculated position of the ultrasound dataset relative to the CT dataset verified the expected angles of incidence. The results (Table 2) show that a difference of 10 degrees between the assumed and real angles of incidence entails an acceptable maximal deviation of 0.5 mm and 0.375°. For larger angle differences, the deviations (up to 1°and 2 mm) seem to be too large. In these cases, a new estimation of the surface must be done to correct the misalignments. Thus, the registration procedure is as follows:
1. A surface is estimated in the CT data, based on the indicated scanning path. 2. Surface and ultrasound data are registered. 3. If the registration implies a difference of more than 10°between assumed and real incidence angles for the ultrasound waves, the surface estimation is rerun based on the direction of ultrasound propagation given by the registration result. The registration is then repeated with the new surface, starting from the last registration position.
Thus, the impact of the assumed incidence angle on the registration result is small and can be corrected. A new intraoperative estimation of the surface increases the computation time substantially, but can be avoided by complying roughly with the indicated scanning path of the transducer. To summarize the results of Tables 1 and 2 , the proposed algorithm is very robust with respect to the adjustable parameters of the surface estimation. 
Radius of Convergence
Another item of interest is the scope of the registration, i.e., the misalignments that can be determined by the algorithm. The optimization with a deepest descent method can lead to wrong registration results due to local maxima. To approximate the scope, the average gray value was determined for different positions of the estimated surface in the ultrasound dataset. The surface of a single vertebra was rotated around different axes, starting from the registered position. Then, a search was made for the optimal translation for this rotated surface to avoid effects due to the choice of the rotation center. In Figure 9 , the maximal average gray values for rotations around the mediolateral axis (solid line), the anterior-posterior axis (dashed line), and the superiorinferior axis (dashed-dotted line) with deviations up to 20°from the registered position are shown. The functions have no further optima with respect to rotations around the mediolateral and anteriorposterior axes. There, the scope of the algorithm is about 20°. A rotation around the longitudinal axis with a deviation of more then 12°cannot be detected correctly by the registration. Nevertheless, the maximum is nonambiguous, and another optimization strategy could find the correct position. Thus, the optimization criterion permits a registration scope for rotational misalignments of at least 20°.
To test the convergence behavior of the algorithm with respect to translational misalignments, the estimated surface of a vertebra was displaced from its registered position in various directions, and the average gray value was calculated. The results can be seen in Figure 10 for a movement in the anterior-posterior (solid line), left-right (dashed line), and superior-inferior (dashed-dotted line) directions. Local maxima appear at displacements of about 30 mm in each direction. Again, these local maxima can mislead a deepest descent method, but a more sophisticated optimization algorithm should have no problem finding the correct optimum. One exception is the local maximum for a 30-mm movement in the posterior direction. This maximum is due to the bright representation of the skin region in the ultrasound images (see Figs. 4,  7) . A better-adjusted time-gain compensation (TGC) of the ultrasound machine or an adaptive TGC in the preprocessing of the acquired ultrasound data ( Fig. 1) can reduce this problem. The scope of the algorithm, as indicated by these results, is approximately 15 mm with the deepest descent method currently used. The optimization criterion allows a correct identification of translational misalignments up to 40 mm.
Recapitulating the results of Figures 9 and 10 , the average gray-value criterion can detect fairly large misalignments of up to 20°and 40 mm. The suboptimal deepest descent method employed reduces this scope to 12°and 15 mm.
CONCLUSION
We have presented a new method for the registration of preoperative CT datasets and intraoperative ultrasound data, which has many potential applications for navigated surgical interventions. The method is based on the extraction of bone surfaces from the preoperative dataset, while being aware of the characteristics and limitations of ultrasound imaging of bones.
Initial evaluations of the proposed algorithm have been done on an ex vivo preparation of a human lumbar spine. It was shown that the estimated surfaces are good predictors of the visibility of bone surfaces in ultrasound images, and that the algorithm is not sensitive with respect to the parameters for the surface extraction. The defined optimization criterion allows the determination of misalignments of up to 20°and several centimeters. Thus, a preregistration based on the scanning path of the transducer should be adequate. The repeatability and the computation time of the registration seem to be sufficient for many applications in navigated surgery. In the near future, we will apply these techniques to in vivo datasets to validate the clinical usefulness of the method, to further analyze its absolute position errors, and to integrate it into a prototype navigation tool for clinical evaluations.
